Background: Sevoflurane-induced respiratory depression has been reported to be due to the action on medullary respiratory and phrenic motor neurons. These results were obtained from extracellular recordings of the neurons. Here, the authors made intracellular recordings of respiratory neurons and analyzed their membrane properties during sevoflurane application. Furthermore, they clarified the role of ␥-aminobutyric acid type A receptors in sevoflurane-induced respiratory depression.
SEVOFLURANE is a volatile anesthetic that is widely used in clinical practice; it depresses respiration as a side effect at anesthetic doses. 1, 2 In vivo studies using extracellular recordings of respiratory neurons in decerebrate, vagotomized, and peripherally deafferented canines have suggested that this effect may be due to the anesthetic's action on medullary premotor neurons mediated by ␥-aminobutyric acid type A (GABA A ) transmission. [3] [4] [5] [6] Based on findings in in vitro preparations of neonatal rodents, the ventrolateral medullary region of the brainstem is thought to be a critically important site for respiratory rhythm generation. [7] [8] [9] [10] Specifically, the pre-Bötzinger complex and the more rostral parafacial respiratory group presumably constitute a dual respiratory center. 7, 11, 12 Among the two candidates, it is hypothesized that the pre-Bötzinger complex generates the inspiratory rhythm and the parafacial respiratory group generates the expiratory rhythm, although these groups are functionally coupled. 11 Medullary respiratory neurons in the brainstem-spinal cord preparation have been classified into inspiratory (which are further divided into three subtypes, I-III), preinspiratory, and expiratory neurons on the basis of the temporal correlation of their firing pattern with inspiratory-related C4 ventral root activity. 7 Considering its respiratory function, the medulla is probably one of the targets of the respiratory depression induced by sevoflurane. The spinal cord, containing phrenic motor neurons, may be another target because sevoflurane has been reported to depress the excitability of nonrespiratory spinal motor neurons 13 and the activity of hypoglossal motor neurons, 14 which are primarily active in the inspiratory phase in the en bloc preparation. 9 Using the isolated brainstem-spinal cord preparation of neonatal rat, Otsuka 15 recorded the neuronal activities of respiratory neurons to investigate the effect of halothane on fictive breathing. In his study, neurons were recorded extracellularly but not intracellularly. Recently, several in vitro studies have made intracellular recordings of respiratory neurons using the perforated patch clamp technique to examine the effect on the respiratory neural network of other agents generally used by anesthesiologists, such as propofol 16, 17 and opioids. 10 Intracellular recordings have made possible the analysis of membrane properties and synaptic input, which cannot be examined through extracellular recordings. Therefore, in vitro perforated patch clamp recordings using the isolated brainstem-spinal cord preparation of neonatal rat seem to be suitable for detailed investigation of the intracellular mechanisms of sevoflurane-induced respiratory depression.
After reviewing the previous data, [3] [4] [5] [6] 15 we hypothesized that the effect of sevoflurane may differ between the types of respiratory neurons. In the current study, we analyzed the response of medullary respiratory and phrenic motor neurons to sevoflurane, and the role of GABA A receptors in sevoflurane-induced respiratory depression.
Materials and Methods

Preparation
All procedures were conducted in accordance with the guidelines of the Keio University Laboratory Animal Care and Use Committee (Tokyo, Japan), Kitasato Institute Animal Care and Use Committee (Tokyo, Japan), and Teikyo University Laboratory Animal Care and Use Committee (Tokyo, Japan). Data were obtained from 64 neonatal Wistar rats (aged 0 -4 days). Generation of the isolated brainstem-spinal cord preparation has been described in detail elsewhere. 18 In brief, the rats were anesthetized with diethyl ether, and after the paw withdrawal reflex disappeared, the brainstem caudal to the caudal cerebellar artery and cervical spinal cord were isolated in a chamber filled with oxygenated artificial cerebrospinal fluid (ACSF). The cerebellum and pons were ablated. Each preparation was placed ventral side up in a recording chamber (volume, 2 ml) and superfused (flow, 4 ml/min) with control ACSF equilibrated with a control gas mixture (5% CO 2 in oxygen, pH7.4). Its temperature was maintained at 25°-26°C. The composition of the ACSF was 126 mM NaCl, 5 mM KCl, 1.25 mM NaH 2 PO 4 , 1.5 mM CaCl 2 , 1.3 mM MgSO 4 , 26 mM NaHCO 3 , and 30 mM glucose. C4 ventral root activity was recorded using a glass suction electrode, amplified with a conventional alternating current amplifier (AVH 11; Nihon Kohden, Tokyo, Japan), and integrated (time constant, 100 ms). We measured C4 burst rate as an index of the inspiratory rate 19 and the integrated amplitude as an index of the tidal volume. 20 All amplitude data were normalized to the values obtained during 10 -15 min of the anesthetic-free control state, which was assigned a value of 100%.
Drug Administration
Sevoflurane was applied according to the method described by Matute et al. 13 Sevoflurane (Maruishi Pharmaceutical Co. Ltd., Osaka, Japan) was mixed with the control gas mixture (5% CO 2 in oxygen, pH 7.4) by a vaporizer (Sevotec 3; Ohmeda, Steeton, West Yorkshire, United Kingdom) at known volume percentages (1, 3, and 5%). The ACSF was gassed with this mixture for 30 min. In the preliminary experiment, in which the same perfusion system was used without the brainstem-spinal cord, we measured the concentration of sevoflurane in the ACSF in the recording chamber using gas chromatography (GC-2014; Shimadzu, Kyoto, Japan). The concentration of sevoflurane in the ACSF was estimated from the vaporizer readings (r 2 ϭ 0.972; slope, 0.25 Ϯ 0.01; y-intercept, Ϫ0.03 Ϯ 0.06; fig. 1 ). The sevoflurane percentages of 1, 3, and 5% in gas corresponded to approximately 0.23, 0.74, and 1.25 mM, respectively. Sevoflurane EC 50 equivalent to 1 minimum alveolar concentration (MAC) in clinical anesthesia corresponds to an aqueous concentration of 0.35 mM sevoflurane. 21 In the current study, we present the estimated aqueous concentration and MAC (in parentheses).
The GABA A receptor antagonist picrotoxin or bicuculline methiodide (both Sigma Chemical Co., St. Louis, MO) was dissolved in ACSF containing 1.25 mM (3.57 MAC) sevoflurane at 10 M.
Experiment 1: Effect of Sevoflurane on C4 Respiratory Activity
We analyzed the effect of sevoflurane on C4 burst rate and amplitude. Twenty preparations were randomly allocated to one of four groups to for exposure to sevoflurane at 0, 0.23, 0.74, or 1.25 mM (0, 0.77, 2.11, or 3.57 MAC); each group contained five preparations. Preparation were superfused after a control period of 10 -15 min with a solution containing sevoflurane at the specified concentration for 30 min, followed by a washout period using control ACSF for 30 min.
Experiment 2: Separate Perfusion of Sevoflurane to the Spinal Cord or to the Medulla
We used a separate perfusion system 16, 19, 22, 23 to permit selective medullary or spinal application of drugs. The chamber was partitioned at the spinomedullary junction to permit the selective application of drugs. The partition was made using two thin acrylic plates placed parallel to each other with woven nylon packed between them. Each partitioned section had a capacity of 2 ml and was superfused continuously at a flow rate of 4 ml/min. Five preparations each were randomly allocated either to a medulla perfusion group or a spinal cord perfusion group. After C4 activity stabilized, the super- fusate was replaced with ACSF containing 0.74 mM (2.11 MAC) of sevoflurane for 30 min, followed by a washout period using the control ACSF for 30 min.
Experiment 3: Effect of Sevoflurane on C4 Respiratory Activity in the Presence of a GABA A Receptor Antagonist
Effects of 10 M picrotoxin were studied on sevoflurane-induced reduction on C4 burst rate and amplitude. Experiments were performed in five preparations. After a control period of 10 -15 min, the superfusate was replaced with ACSF containing 1.25 mM (3.57 MAC) sevoflurane in the presence of 10 M picrotoxin for 30 min, followed by a washout period using the control ACSF for 30 min. To assess the effect of picrotoxin, these values were compared with those obtained using the same concentration of sevoflurane alone. Using 10 M bicuculline in place of picrotoxin, the same experiments were repeated in another five preparations.
Experiment 4: Effect of Sevoflurane on Respiratory Neurons
We analyzed the effect of sevoflurane on the intracellular activity of respiratory neurons using the perforated patch clamp technique. 18 Respiratory neurons were identified and classified on the basis of their firing patterns and the temporal correlation of their activity with the respiratory cycle of C4 respiratory activity. 7 Inspiratory neurons discharged action potentials during the inspiratory phase (C4 burst activity phase) and were further categorized into three subtypes. 7, 10 Type I inspiratory neurons are depolarized by periods of summated excitatory postsynaptic potentials before the onset of and after termination of C4 bursts (i.e., the preinspiratory and postinspiratory phases). Type II inspiratory neurons show excitatory postsynaptic potentials during only the inspiratory phase. Type III inspiratory neurons are hyperpolarized by periods of summated inhibitory postsynaptic potentials in the preinspiratory and postinspiratory phases. Preinspiratory neurons were characterized by preinspiratory and postinspiratory action potential discharges and hyperpolarization during the inspiratory phase; they send excitatory and inhibitory inputs to type I and III inspiratory neurons, respectively. 7, 10 Expiratory neurons are first characterized by tonic discharge of action potentials in the interval between the inspiratory phases and are categorized into two subtypes based on the following criterion. 7 In Exp-i neurons, inspiratory-related action potential discharge is blocked due to summating hyperpolarizing inhibitory postsynaptic potentials. In contrast, Exp-p-i neurons are subjected to a longer period of hyperpolarization covering the preinspiratory, inspiratory, and postinspiratory phases. Inspiratory neurons were searched for in the pre-Bötzinger complex, which covered presumably from the rostrocaudal extension root of the most rostral root of the hypoglossal nerve. 12 Preinspiratory neurons were searched for in the main area of the parafacial respiratory group, which extended presumably from the caudal cerebellar artery to approximately 0.25 mm caudal to the caudal end of the facial motor nucleus. 12 Expiratory neurons were searched for in the Bötzinger complex, which was the area between pre-Bötzinger complex and the caudal end of the vagal nerve root. 12 Membrane potentials were recorded under current clamp mode with a single-electrode voltage clamp amplifier (CEZ 3100; Nihon Kohden). A glass pipette (GC100-TF-10; Clark, Reading, United Kingdom) was horizontally pulled (PA-91; Narishige, Tokyo, Japan) to a tip size of approximately 2 m, with very gradual tapering. Electrode resistance ranged from 5 to 20 M⍀ when the pipette was filled with a solution containing 140 mM K-gluconate, 3 mM KCl, 10 mM EGTA, 10 mM HEPES, 1 mM CaCl 2 , 1 mM MgCl 2 , and nystatin (100 g/ml). pH was maintained at 7.2-7.3 using potassium hydroxide. The micropipette was inserted into the rostral ventrolateral medulla using a manual hydraulic micromanipulator. During tracking for the neurons, positive pressure (10 -20 cm H 2 O) was applied inside the pipette. After a gigaohm seal was obtained, the recorded membrane potential became negative and stabilized in approximately 10 min. After we made the control recording, the control ACSF was changed to ACSF containing 1.25 mM (3.57 MAC) sevoflurane for 3-6 min, followed by a 10-to 20-min washout period using control ACSF. In this experiment, the brief application of sevoflurane at high concentration enabled us to obtain high-quality intracellular neuronal recordings because the effect then appears more quickly. 16 To assess the intracellular activity of respiratory neurons, we focused on three parameters. Intraburst firing frequency of inspiratory neurons was calculated as the mean firing frequency during the inspiratory phase, whereas that of preinspiratory or expiratory neurons is represented by the mean firing frequency during the expiratory phase. 16 Membrane potential was presented without correcting for the liquid junction potential. Membrane resistance was determined from the change in voltage in response to direct current pulses (300 ms, Ϫ50 pA) during the silent phase of the respiratory cycle.
Perforated patch recording of phrenic motor neurons has been described elsewhere. 24 The spinal cord of the preparation was carefully transected with a vibratome between C4 and C5 ventral roots and was bent so that the cut edge, rostral to the section, was placed horizontally just below the surface of the ACSF. Phrenic motor neurons were identified on the basis of their firing pattern and location. They discharged action potentials during the inspiratory phase (C4 burst activity phase) and were located in C4 ventral horn. 25 To search for them, the micropipette was inserted into C4 ventral horn. The methods of perforated patch clamp techniques were identical throughout to those described for medullary respiratory neurons.
Data Analysis
All signals were recorded on a thermal array recorder (WS-682G; Hihon Kohden) and fed into a personal computer after analog-digital conversion (Power Lab/4sp; AD-Instruments, Castle Hill, Australia) for subsequent analysis (Chart version 5; ADInstruments). Analysis of the respiratory parameters was performed off-line. Respiratory parameters obtained before the superfusion of the ACSF-containing drugs were defined as control values.
All variables were evaluated using a Kolmogorov-Smirnov test, which revealed that it was appropriate to make parametric assumptions about our data. In figure 1 , the molar concentration of sevoflurane in the ACSF was practically estimated from the vaporizer readings by using simple regression. In experiment 1, changes in C4 burst rate and amplitude were compared using a oneway analysis of variance, followed by a Dunnett test. In experiments 2, 3 and 4, the data before and during the application of the drugs were analyzed using a paired t test. The significance of the difference between two groups was assessed using an unpaired t test. All statistical analyses were conducted using Graph-Pad Prism 3.0 software (Graph-Pad Software Inc., San Diego, CA). All values were reported as mean Ϯ SE, and all P values less than 0.05 were considered significant.
Results
Effect of Sevoflurane on C4 Respiratory Activity
Representative recordings of integrated C4 activity before and during superfusion with sevoflurane-containing ACSF are shown in figure 2A . C4 burst rate and amplitude were both decreased by sevoflurane in a concentrationdependent manner ( fig. 2B ). C4 burst rate during the application of 0, 0. 23 
Separate Perfusion of Sevoflurane to the Spinal Cord and to the Medulla
Representative recordings of C4 activity before and during application of 0.74 mM (2.11 MAC) sevoflurane to the medulla or the spinal cord are shown in figure 3A .
During the administration of sevoflurane to the medulla, C4 burst rate decreased, but C4 burst amplitude did not change significantly. In contrast, when applied to the spinal cord, the application of 0.74 mM (2.11 MAC) sevoflurane decreased C4 burst amplitude only (figs. 3A and B). C4 burst rate and amplitude during the application of 0.74 mM (2.11 MAC) sevoflurane to the medulla were 2.51 Ϯ 0.85 min Ϫ1 (46.1 Ϯ 14.3% of the control rate) and 99.5 Ϯ 6.6% of the control rate, respectively. C4 burst rate and amplitude during the application of 0.74 mM (2.11 MAC) sevoflurane to the spinal cord were 6.51 Ϯ 0.33 min Ϫ1 (111.8 Ϯ 5.8% of the control rate) and 36.6 Ϯ 5.9% of the control amplitude, respectively.
Effect of Sevoflurane in the Presence of a GABA A Antagonist on C4 Respiratory Activity
Representative recordings of C4 activity before and during superfusion with ACSF containing 1.25 mM (3.57 MAC) sevoflurane in the presence of 10 M picrotoxin or bicuculline are shown in figure 4A . A recording of the application of 1.25 mM (3.57 MAC) sevoflurane alone also is provided. Sevoflurane still reduced C4 burst amplitude in the presence of picrotoxin. However, the reduction of C4 burst rate was attenuated significantly 
Effect of Sevoflurane on Respiratory Neurons
Twenty-three medullary respiratory and phrenic motor neurons were recorded intracellularly to examine the effects of 1.25 mM (3.57 MAC) sevoflurane. From eight inspiratory neurons, presumably located in the pre-Bötzinger complex, three cells were classified as type I, and the remaining five neurons were classified as type II. In both types of inspiratory neurons, 1.25 mM (3.57 MAC) sevoflurane decreased the rate of inspiratory-related rhythmic drive potentials and concomitant action potential discharge ( fig. 5 ). However, intraburst firing frequency, resting membrane potential, and membrane resistance remained unchanged (P Ͼ 0.05) during sevoflurane-induced respiratory depression (table 1) .
In six preinspiratory neurons presumably located in the main area of the parafacial respiratory group, the depolarization of both preinspiratory and postinspira- tory phases became smaller, and seemed to be phase locked during superfusion with 1.25 mM (3.57 MAC) sevoflurane, although C4 burst was maintained ( fig. 5 ). In four of the six preinspiratory neurons, the inhibitory postsynaptic potential decreased, whereas that of the remaining two preinspiratory neurons did not change. A 1.25 mM (3.57 MAC) amount of sevoflurane decreased the intraburst firing frequency and membrane resistance significantly (4% of control value [P Ͻ 0.05] and 76% of control value [P Ͻ 0.01], respectively), although it did not change the resting membrane potential (table 1).
In five Exp-i neurons (no Exp-p-i neurons were recorded), presumably located in the Bötzinger complex, tonic discharge disappeared and the inhibitory postsynaptic potential decreased during superfusion of 1.25 mM (3.57 MAC) sevoflurane, although C4 burst was maintained ( fig. 5 ). In these cells, 1.25 mM (3.57 MAC) sevoflurane significantly decreased the intraburst firing frequency and membrane resistance (29% of control value and 78% of control value [P Ͻ 0.05], respectively), although it did not change the resting membrane potential significantly (table 1).
In six phrenic motor neurons from C4 ventral horn, 1.25 mM (3.57 MAC) sevoflurane decreased the rate of inspiratory-related rhythmic drive potentials and concomitant action potential discharge ( fig. 5 ). Sevoflurane significantly decreased the intraburst firing frequency and membrane resistance, and the cells hyperpolarized (78% of control value [P Ͻ 0.01], Ϫ5 mV from control value [P Ͻ 0.01], and 81% of control value [P Ͻ 0.05], respectively; table 1).
Discussion
The current investigation shows that sevoflurane decreases inspiratory-related C4 burst rate and intraburst firing frequency of preinspiratory and expiratory neurons, but not inspiratory neurons in the medulla. Furthermore, the agent decreased C4 burst amplitude (i.e., tidal volume) by inhibiting the activity of phrenic motor neurons in the spinal cord. Our results suggest that the effect of GABAergic transmission contributes to the mechanism of this decreased C4 burst rate. 
Effect of Sevoflurane on C4 Burst Rate and Respiratory Neurons
Sevoflurane reduced C4 burst rate in a dose-dependent fashion, and this effect appeared when it was applied exclusively to the medulla. Halothane, isoflurane, and enflurane also have been shown to reduce C4 burst rate in this en bloc brainstem model. 15 Therefore, in this preparation, volatile anesthetics may have general ratereducing properties. Contrary, in human studies, 1,2 sevoflurane at anesthetic doses increased the respiratory rate via a chemoreflex loop. In one in vivo study using decerebrate, vagotomized, and peripherally deafferented dogs, 3 sevoflurane also increased the respiratory rate. The discrepancy between the current results and the results of these in vivo and human studies may be explained as follows. The pons has a strong modulatory effect on respiratory rate, and its ablation increases C4 burst rate. 26 In addition, it was found 27 that the noradrenergic A 5 area in the pons exerts an inhibitory effect on the respiratory rate. Adenosine 5=-triphosphate-in-duced inward currents of the locus ceruleus neurons in the pons are reduced by sevoflurane, 28 suggesting that neural excitation is reduced. From these studies, it seems that sevoflurane may increase the respiratory rate by inducing disinhibition of the pontine respiratory neural circuits. Therefore, the finding that the sevoflurane decreased the C4 burst rate might be due to the absence of the pons.
Inspiratory medullary neurons exhibited a constant intraburst firing frequency, resting membrane potential, and membrane resistance during application of sevoflurane, despite the decrease of their burst rate that occurred in a 1:1 fashion with slowing of C4 burst rate. In in vivo canine experiments, however, sevoflurane reduced the discharge frequency of premotor inspiratory neurons. 5, 6 The lack of agreement between these experiments and the current experiments may be due to differences in the subtypes of inspiratory neurons. Inspiratory neurons are categorized into several subtypes based on their location and function. The inspiratory (Insp; A), preinspiratory  (Pre-I; B), expiratory (Exp; C), and  phrenic motor neurons (Phr; D) . Simultaneous recordings of the integrated C4 activity (͐C4) are also provided. After the control recording, the control artificial cerebrospinal fluid was changed to artificial cerebrospinal fluid containing approximately 1.25 mM (3.57 MAC) sevoflurane for approximately 3-6 min, followed by a 10-to 20-min washout period using control artificial cerebrospinal fluid. In inspiratory neurons, sevoflurane did not affect the intraburst firing frequency or the resting membrane potential. The depolarizing cycle rate reduced by sevoflurane was synchronized with C4 burst rate. In preinspiratory and expiratory neurons, sevoflurane induced a decrease in the intraburst firing frequencies but did not affect the resting membrane potentials. In preinspiratory neurons, the depolarization of both preinspiratory and postinspiratory phases became smaller and seemed to be phase locked during superfusion of sevoflurane, although C4 burst was maintained. In phrenic motor neurons, sevoflurane induced hyperpolarization of the resting membrane potential and decreased the intraburst firing frequency.
neurons in the current study were presumably located in the pre-Bötzinger complex, which is considered to be an inspiratory rhythm-generating region. 11 The inspiratory neurons recorded by Stucke et al. 5, 6 were located in the caudal ventral respiratory group and are categorized as bulbospinal premotor neurons. In the same preparations as used here, halothane at high (but not low) concentration only slightly reduced the intraburst firing frequency of inspiratory neurons, i.e., these neurons resisted the effect of halothane. 15 Therefore, inspiratory neurons in the pre-Bötzinger complex seem to resist the depressing effect of volatile anesthetics in brainstem-spinal cord preparations. Sevoflurane at concentrations higher than those used in clinical use may reduce the intraburst firing frequency of these inspiratory neurons.
Preinspiratory neurons showed a reduced intraburst firing frequency (the firing disappeared in most of these neurons although the respiratory rhythm of the C4 activity was maintained) as well as membrane resistance during application of sevoflurane. Preinspiratory neurons located in the parafacial respiratory group that may overlap the retrotrapezoid nucleus 11, 29, 30 receive inhibitory synaptic connections from inspiratory neurons, whereas they send excitatory and inhibitory synaptic input to inspiratory neurons. 7 It has been hypothesized 30 that the parafacial respiratory group (composed of preinspiratory neurons) is critical for respiratory rhythm generation. This is not in accord with the hy-pothesis that the pre-Bötzinger complex (which is composed of inspiratory neurons) is the primary site of respiratory rhythm generation. 9, 11 For a unifying hypothesis, the functionally inspiratory pre-Bötzinger complex and the functionally expiratory parafacial respiratory group may constitute a dual respiratory center. 31 Recently, it was reported that the region containing the parafacial respiratory group (rostral to the pre-Bötzinger complex) seem to control expiratory abdominal muscles 12, 32, 33 and to contribute the longevity of inspiratory rhythm. 12 Several agents in general use by anesthesiologists, such as propofol 16, 17 and opioids, 10 affected these two generators differently. Halothane as well as sevoflurane also reduced the intraburst firing frequency of the preinspiratory neurons in the brainstem-spinal cord preparation. 15 From these results, we suggest that inhibition of preinspiratory neurons by volatile anesthetics may result in the inhibition of active expiratory rhythm and that the inspiratory rhythm of pre-Bötzinger complex may be maintained during application of volatile anesthetics. Ruangkittisakul et al. 12 reported that transverse slices containing only a minor amount of brainstem tissue rostral to the pre-Bötzinger complex slices and en bloc medullas without major aspect of the parafacial respiratory group show stable inspiratory rhythm at physiologic calcium and potassium concentrations. During application of sevoflurane, the pre-Bötzinger complex containing inspiratory neurons may determine the respiratory rhythm, because C4 burst was preserved after the firing of preinspiratory neurons disappeared and the rhythm was always synchronized with the burst of inspiratory neurons.
Sevoflurane decreased intraburst firing frequency and membrane resistance of medullary expiratory neurons. The area in which we recorded the activity of the expiratory neurons corresponds likely to that of the Bötzinger complex in adult mammals, where expiratory neurons function as interneurons 11 and are found at high densities. 8 In the in vivo canine experiment, sevoflurane also reduced the firing of premotor expiratory neurons located in the caudal ventral medulla. 3, 4 In the same preparation as ours, halothane also reduced the intraburst firing frequency of expiratory neurons. 15 Expiratoryrelated neurons, unlike inspiratory neurons, thus seem to be inhibited by volatile anesthetics across differences in location and function.
Blockade of GABA A receptors attenuated the sevoflurane-induced reduction in C4 burst rate. Because separate perfusion of sevoflurane to the medulla decreased the C4 burst rate, sevoflurane should act on GABA A ergic transmission in the medulla. A previous study reported that sevoflurane seemed to enhance inhibitory synaptic transmission by promoting the function of the ␣ 1 and ␣ 2 subunits of the GABA A receptor, resulting in the activation of chloride channels. 34 Our finding that the membrane resistance of preinspiratory and expiratory neu- rons is decreased by sevoflurane may be explained by the activation of these GABA A receptors. In addition, both preinspiratory and expiratory neurons are subject to GABA A ergic inhibition, which causes the inhibitory postsynaptic potential during the inspiratory phase. 35, 36 In fact, the current study suggests that activation of GABA A receptors on preinspiratory and expiratory neurons by sevoflurane inhibits the expiratory component of respiratory rhythm. However, the resting membrane potential of preinspiratory neurons and expiratory neurons did not change even when GABA A receptors may have been activated. Therefore, we cannot explain the unchanged resting membrane potential by pointing to GABA A eric transmission only.
On the other hand, neurons in the pre-Bötzinger complex contained intense neurokinin-1 receptor immunoreactivity, and some of these neurons are presumed to be essential for inspiratory rhythm generation. 37 GABAergic synapses onto neurokinin-1 receptor-immunoreactive neurons in the pre-Bötzinger complex have been identified morphologically. 38 Mechanism of sevoflurane-induced depression of C4 burst rate may include the activation of GABA A receptors in the pre-Bötzinger complex. However, the electrophysiologic properties of inspiratory neurons did not change significantly. One such mechanism could be presynaptic inhibition within the "emerging" interneuronal network in the pre-Bötzinger complex as indicated by a lack of postsynaptic effects on putative inspiratory neurons in the pre-Bötzinger complex. 11, 33 
Effect of Sevoflurane on C4 Burst Amplitude and Phrenic Motor Neurons
Sevoflurane reduced C4 burst amplitude in a dosedependent fashion. This result agrees with human studies 1, 2 in which sevoflurane at anesthetic doses decreased the tidal volume, and also with an in vivo canine study 3 in which sevoflurane decreased phrenic nerve activity. Because the reduced C4 burst amplitude appeared only when applied to the spinal cord, this effect of sevoflurane seems to target spinal respiratory neural circuits. This is supported by the current findings that sevoflurane does not affect the activity of the inspiratory neurons presumably located in the pre-Bötzinger complex, which has been thought to be an inspiratory rhythm generator. 39 Therefore, the amplitude depression seems to result from the effect of sevoflurane on the spinal cord.
In accord with this view, sevoflurane hyperpolarized phrenic motor neurons and decreased both their intraburst firing frequency and membrane resistance. The finding that blockade of GABA A receptors by picrotoxin or bicuculline did not attenuate the reduction of C4 burst amplitude suggests that sevoflurane does not reduce C4 burst amplitude by acting on GABA A ergic transmission in the spinal cord. It has been reported that sevoflurane has multiple molecular targets at the spinal cord level. Matute and Lopez-Garcia 40 have shown that the depolarizations in motor neurons induced by ␣-amino-3-hydroxy-5-methylisoxazole-4-propionate and N-methyl-Daspartate were reduced by sevoflurane. Two-pore-domain acid-sensitive K ϩ -1 channels, which have sensitivity to sevoflurane, 14 are reported to be densely expressed in the spinal cord. 41 Moreover, Grasshoff and Antkowiak 42 found that blocking glycine receptors reversed the depression of spontaneous firing elicited by sevoflurane on the spinal cord. Among these molecular targets, the current study suggests that the two-pore-domain acidsensitive K ϩ -1 channel is involved. In slices containing the pre-Bötzinger complex, hypoglossal motor neurons generate endogenous respiratory-related motor output. 9 Recently, these neurons have been reported to express the two-pore-domain acid-sensitive K ϩ -1 channels and to be sensitive to sevoflurane. 14 Considering our data and these previous studies, it seems that in phrenic motor neurons, activation of the two-pore-domain acid-sensitive K ϩ -1 channel by sevoflurane may induce an increase in K ϩ conductance (i.e., K ϩ leakage), resulting in membrane hyperpolarization and a reduction in intraburst firing frequency. However, further studies will be required to confirm the acid sensitivity of phrenic motor neurons during application of sevoflurane.
In summary, during application of sevoflurane, the pre-Bötzinger complex containing inspiratory neurons may determine the respiratory rhythm. Contrary, sevoflurane-induced depression of C4 burst amplitude seems to occur at the level of phrenic motor neurons. Our findings also suggest that GABA A receptors in the pre-Bötzinger complex plays an essential role in sevoflurane-induced depression of C4 burst rate, and that GABA A ergic transmission in the spinal cord is not involved in sevoflurane-induced depression of C4 burst amplitude.
